revealed that until E10.5 p38␣ Ϫ/Ϫ embryos are present genotypes of the different MEF cultures were determined by Southern blotting, and p38␣ expression was at a frequency consistent with Mendelian inheritance (Table 1; Figure 1C) . examined by immunoblot analysis. No expression of fulllength or truncated p38␣ polypeptides reactive with an To biochemically determine whether disruption of the p38␣ locus abolished p38␣ expression or activity, muantiserum raised against a C-terminal p38␣ peptide could be detected in p38␣ Ϫ/Ϫ MEFs ( Figure 2A ). Similar rine embryonic fibroblasts (MEFs) were derived from E10.5 to E11.5 progeny of p38␣ ϩ/Ϫ intercrosses. The results were obtained using two different antibodies raised against full-length p38␣ or an N-terminal peptide (data not shown). In addition, the level of p38␣ expression in p38␣ ϩ/Ϫ MEFs was reduced in comparison to one animal facility to another: while animals housed in initiated in the yolk sac, followed by the aorta-gonadmesonephros (AGM) region. After establishment of blood circulation at E8.0, multipotent cells can be found in the blood vessels and these cells colonize the liver, spleen, thymus, and omentum (Godin et al., 1999). At midgestation, the FL becomes the major hematopoietic organ with hematopoietic activity starting around E11.0 to E12.5 until 1 week postnatally. Visual and histological examination revealed that p38␣ Ϫ/Ϫ yolk sac blood vessels and the vasculature of the embryo proper appeared normal using PECAM antibody (data not shown). However, histological examination of wt and p38␣ Ϫ/Ϫ FLs revealed a marked decrease in the number of circulating hemoglobinized red blood cells and erythropoietic foci in E11.5 to E13.5 p38␣ Ϫ/Ϫ embryos ( Figures 3C and 3D) . While blood vessels of wt embryos contained both enucleated and nucleated erythrocytes, the small number of erythrocytes found in the blood vessels of p38␣ Ϫ/Ϫ embryos were mostly nucleated and very few enucleated red blood cells were detected ( Figure 3D ). The total number of nucleated cells in E11.0 p38␣ Ϫ/Ϫ FLs was 4-fold lower than in wt counterparts. Cytospin analysis of wt FL cells revealed cells in all stages of erythropoiesis, whereas similar preparations of p38␣-deficient FLs contained mostly hepatocytes with few proerythroblasts and an even lower number of more mature erythroid cells ( Figure 3E ). Figure 3A) . strongly suggest that the absence of p38␣ results in a severe block to erythroid differentiation. In addition, the yolk sacs that surrounded these embryos were of normal size but contained few circulating red Further evidence for a defect in definitive erythropoiesis in p38␣ Ϫ/Ϫ embryos was provided by reverse tranblood cells ( Figure 3B ).
During normal murine development, hematopoiesis is scription (RT)-polymerase chain reaction (PCR) analysis of globin gene expression. The levels of ␤h1-, ⑀y2-, and poiesis, was highly reduced in p38␣ Ϫ/Ϫ embryos ( Figure  5A ). Collectively, these results indicate that embryonic (or -globin transcripts, which are expressed predominantly during embryonic (primitive) erythropoiesis (Whitelaw et primitive) erythropoiesis proceeds normally in p38␣ Ϫ/Ϫ embryos but definitive erythropoiesis is severely defective. al., 1990), were similar in wt and knockout FLs ( Figure  5A ). The levels of ␣-globin transcripts, which are proTo better define the block in definitive erythropoiesis, we measured the ability of cells derived from wt and duced during both embryonic and definitive erythropoiesis, were also not substantially different between wt and p38␣ Ϫ/Ϫ E10.5 FLs to form CFU-Es and the more immature erythroid burst-forming units (BFU-E). These colony p38␣ Ϫ/Ϫ FLs. However, expression of ␤ maj -globin transcripts, which first occurs in FLs during definitive erythrotypes reflect the presence of committed erythroid pro- 
genitors (Gregory and Eaves, 1978)
. While the total numWhen normalized to the levels of GAPDH mRNA, the relative amount of Epo mRNA in p38␣ Ϫ/Ϫ FLs was nearly ber of CFU-E and BFU-E in p38␣ Ϫ/Ϫ FLs was considerably lower than in those of wt littermates, upon normalten times lower than in wt, whereas the relative amount of SCF mRNA was 2-fold lower in p38␣ Ϫ/Ϫ FLs than in ization to the total number of nucleated cells per FL, no decrease in the frequency of BFU-Es and CFU-Es wt FLs ( Figure 6C ). We also observed a small decrease in Thrombopoietin (Tpo) mRNA levels in p38␣ Ϫ/Ϫ FLs, between mutant and wt was detected. Most important, p38␣ Ϫ/Ϫ erythroid progenitors were capable of complete as measured by real-time PCR (data not shown). We also examined expression of mRNAs coding for GMterminal differentiation in vitro, as indicated by benzidine staining. Collectively, the phenotype of p38␣ Ϫ/Ϫ em-CSF, IL-3, IL-6, IL-9, and IL-13, but their levels were too low to be detected in E11.5 FL (K. T., unpublished data). bryos is comparable to that of Epo Ϫ/Ϫ embryos (Wu et al., 1995), suggesting that the major defect in p38␣-The Epo gene is expressed primarily in FL and adult kidney and is regulated in response to oxygen availabildeficient embryos is in the expansion and differentiation of CFU-E progenitors to more mature erythroid cells.
ity ( defects that appear to be influenced by the genetic background of the mice. Using 129XC57BL/6J hybrids, tive to SB203580 ( Figure 6G ). We also find that p38␣ is we find that some of the p38␣ Ϫ/Ϫ embryos die between of Epo mRNA, but the characteristics of their hematopoietic defect are almost identical to those of Epo Ϫ/Ϫ mice E11.5 and E12.5, while a considerable proportion of the p38␣-deficient embryos develop beyond this point and (Wu et al., 1995) . In both cases, the homozygous null mice die during midgestation and prior to their death exhibit survive up to E16.5 with normal morphology but highly anemic appearance. Whereas Adams et al. (2000) have severe anemia, decreased FL cellularity, and impaired definitive erythropoiesis. However, unlike mouse bryos that focused their studies on the basis for the earlier lethality, which is the predominant phenotype after backcrossing are deficient in essential downstream components of the EpoR signaling pathway, for instance Jak2 Ϫ/Ϫ embryos to the C57BL/6 background, and suggest that it is due to a requirement for p38␣ in placental development, (Neubauer et are also involved in the regulation of mRNA turnover. possible that p38␣ may not be directly involved in the Due to the absence of appropriate culture models, the regulation of Epo mRNA metabolism and instead is redevelopmental cues that regulate Epo gene expression quired for formation or maintenance of the cells responduring embryonic development remain unknown (Ebert sible for Epo production. Although it is essentially imand Bunn, 1999). Also, because of the rather early empossible to rule out this possibility, as the only marker bryonic lethality of Hif1␣ Ϫ/Ϫ embryos (Iyer et al., 1998; for Epo-producing cells is Epo itself, the experiments Ryan et al., 1998), it has been impossible so far to evaluconducted with Epo-producing human hepatoma cells ate the role of HIF-1, the major hypoxia-induced transtrongly suggest that p38␣ is directly involved in regulascription factor, in the developmental control of Epo tion of Epo mRNA metabolism. gene expression. Our results, however, which attribute In addition to p38␣-deficient mouse embryos, inhibia critical role for p38␣ in regulation of Epo mRNA accution of Epo mRNA accumulation was also observed in mulation both in mouse embryos and in human hepahuman Hep3B hepatoma cells subjected to hypoxia and toma cells subjected to hypoxia, suggest that p38␣ is treated with the specific p38 inhibitor SB203580. Alimportant for regulation of fetal Epo gene expression. though in adults the major site of Epo production is the However, it remains to be examined whether p38 is kidney, hepatoma cells are similar in their differentiation involved in the hypoxic induction of Epo mRNA in the state to FL cells, which are the major producers of Epo kidney during adult life. Nevertheless, given the activaduring fetal life (Ebert and Bunn, 1999). As SB203580 tion of p38␣ and p38␥ by hypoxia (Conrad et al., 1999; targets both the p38␣ and p38␤ isozymes (Lee and K. T., unpublished data), it is reasonable to postulate Young, 1996), it is not clear whether the observed effect that hypoxia may provide an important signal that trigis solely due to inhibition of p38␣. Nevertheless, we gers Epo gene expression during embryogenesis. In found that treatment of Hep3B cells with the hypoxiamisupport of this hypothesis, it was observed that a hypmetic agent CoCl 2 resulted in p38␣ activation (K. T., oxia-responsive reporter is activated during mouse emunpublished data), and previous studies have shown bryogenesis, suggesting that the embryo is subject to that only p38␣ and p38␥ (which is insensitive to mild hypoxia during certain periods of development SB203580) are responsive to hypoxia (Conrad et al., (Ryan et al., 1998) ity is also regulated by hypoxia, the major environmental signal that controls Epo production and erythropoiesis ϩ/Ϫ ES clones TCC-3Ј. The specificity of PCR primers was tested under normal were injected into blastocysts of C57BL/6J mice. Male mice with a PCR conditions before quantitation. Real-time PCR was performed high degree of chimerism were crossed to C57BL/6J females to with 25 ng of reverse transcription products in a total volume of 50 generate p38␣ ϩ/Ϫ mice. Mouse tail DNA was prepared from ‫1ف‬ mm l in triplicates. PCR was performed at 50Њ C for 2 min, at 95ЊC for tail snips of 1-to 2-week-old progeny. Genotyping was performed 10 min and then for 45 cycles at 95Њ C for 15 s, and at 60Њ C for 1 by Southern blot analysis or by PCR analysis of tail-and embryomin on the ABI PRISM 7700 Detection System. Standard curves derived DNA. Multiplex PCR with three primers per reaction was were generated using serial dilutions of a plasmid containing the used. The primers were as follows: A, 5Ј-CCCTATACTCCCTCTCTG cDNA of interest. TGTAACTTTTG-3Ј; B, 5Ј-CCCAAACCCCAGAAAGAAATGATG-3Ј; and C, 5Ј-TTCTGTGACAACGTCGAGCACAGCTG-3Ј. Using these primers at 1 cycle at 94ЊC for 5 min followed by 35 cycles at 94ЊC Colony Formation Assays Cells were prepared from livers of E11-E12 embryos in ␣-MEM for 30 s, 55ЊC for 30 s, 72ЊC for 1 min, with an extension step of 10 min at 72ЊC at the end of the last cycle, produced 800 bp and 450 medium (GIBCO-BRL) and counted in the presence of 3% acetic acid to lyse erythrocytes. Cell suspensions and recombinant cytobp fragments from the mutant and wt alleles, respectively. kines specific for each assay were mixed with MethoCult M3230 (StemCell Technologies) as described (Neubauer et al., 1998) . Cells Analysis of p38␣ Activity and Expression were plated in 35 mm dishes and cultured at 37ЊC, 5% CO 2 . For the Embryonic fibroblasts from p38␣ ϩ/ϩ , p38␣ ϩ/Ϫ , and p38␣ Ϫ/Ϫ embryos CFU-E assay, cells were cultured in 0.2 U/ml recombinant murine were cultured in DMEM supplemented with 10% fetal bovine serum.
(rm) erythropoietin (R&D Systems), and benzidine-positive CFU-E Cell lysates were analyzed for expression of p38␣ and p38␤ as colonies were scored at day 3. For the BFU-E assay, cells were described (Sudo and Karin, 2000) using anti-p38␣ (c-20, Santa Cruz) cultured in 3 U/ml rmEpo and 10 ng/ml rmIL-3 (R&D Systems), and and anti-p38␤ (c-16, Santa Cruz) polyclonal antibodies. In addition, benzidine-positive BFU-E colonies were scored at day 8. we used anti-p38␣ antibodies raised against the intact protein ( 
